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Abstract: 
The spatial extent over which meadows of submerged aquatic vegetation, 
such as seagrass, have an ecological and environmental influence is tightly 
limited by the exchange of water across canopy boundaries. In coastal 
environments, the process of vertical mixing can govern this material 
exchange, particularly when mean currents are weak. Despite a recently-
improved understanding of vertical mixing in steady canopy flows, a 
framework that can predict mixing in wave-dominated canopy flows is still 
lacking. Accordingly, an extensive laboratory investigation was conducted 
to characterize rates of vertical mixing in wave-dominated flows through 
measurement of the vertical turbulent diffusivity (Dt,z) of an injected dye 
sheet. A simple model of coastal canopies, an array of wooden dowels of 
variable packing density, was subjected to waves with a wide and realistic 
range of height and period. Vertical mixing across the top of a submerged 
canopy is shown to be driven by both the shear layer that forms near the 
canopy top and wake turbulence generated by canopy stems. By allowing 
for an additive contribution from these two processes, we present a 
predictive formulation for the rate of vertical mixing in coastal canopies 
across a range of wave and canopy conditions. The rate of vertical mixing, 
and the dominant mixing mechanism, is highly dependent upon a 
Keulegan-Carpenter number (KC) that represents the ratio of particle 
excursion length to the length scale that defines the canopy drag. This 
study enables a significantly enhanced predictive capability for the 
residence time of ecologically- and environmentally-significant species 
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The spatial extent over which meadows of submerged aquatic vegetation, such as seagrass, have 16 
an ecological and environmental influence is tightly limited by the exchange of water across 17 
canopy boundaries. In coastal environments, the process of vertical mixing can govern this 18 
material exchange, particularly when mean currents are weak. Despite a recently-improved 19 
understanding of vertical mixing in steady canopy flows, a framework that can predict mixing in 20 
wave-dominated canopy flows is still lacking. Accordingly, an extensive laboratory investigation 21 
was conducted to characterize the rate of vertical mixing in wave-dominated flows through 22 
measurement of the vertical turbulent diffusivity (Dt,z) of an injected dye sheet. A simple model 23 
of coastal canopies, an array of wooden dowels of variable packing density, was subjected to 24 
waves with a wide and realistic range of height and period. Vertical mixing across the top of a 25 
submerged canopy is shown to be driven by both the shear layer that forms at the top of the 26 
canopy and wake turbulence generated by canopy stems. By allowing for an additive 27 
contribution from these two processes, we present a predictive formulation for the rate of vertical 28 
mixing in coastal canopies across a range of wave and canopy conditions. The rate of vertical 29 
mixing, and the dominant mixing mechanism, is highly dependent upon a Keulegan-Carpenter 30 
number (KC) that represents the ratio of the particle excursion length to the length scale that 31 
defines the canopy drag. This study enables a significantly enhanced predictive capability for the 32 
residence time of ecologically- and environmentally-significant species within coastal canopies.  33 
34 







Seagrass meadows provide important ecosystem services (Green and Short 2003). They are 36 
essential primary producers and form the foundation of shelter and food for many aquatic fauna 37 
(Gambi et al. 1990; Koch et al. 2006). By diminishing water velocity within the canopy, 38 
seagrasses reduce local sediment resuspension (Gacia and Duarte 2001; Widdows et al. 2008) 39 
and promote the retention of particulate matter within the canopy (Fonseca and Cahalan 1992; 40 
Granata et al. 2001). As a consequence, they stabilize the seabed and improve water clarity, 41 
which leads to greater light penetration and increased productivity (Gruber et al. 2011). 42 
Enhanced particle deposition can also account for the large amount of carbon burial within 43 
seagrass meadows (Granata et al. 2001). In addition, seagrasses play an essential role in water 44 
quality through direct uptake of nutrients and dissolved organic matter (Moore 2004; Larkum et 45 
al. 2006) as well as production of oxygen (Carpenter and Lodge 1986; Larkum et al. 2006).  46 
Provision of these ecosystem services is strongly influenced by the local hydrodynamics. 47 
In particular, the spatial extent over which seagrass meadows have an ecological and 48 
environmental influence (through the ecosystem services described above) is tightly limited by 49 
the exchange of water across canopy boundaries. In wave-dominated coastal environments, 50 
where advection can be small, vertical mixing across the top of the canopy represents the 51 
predominant (and may be the sole) means of exchange between the canopy and the surrounding 52 
water. Therefore, to describe the region of ecological influence of seagrass meadows, it is 53 
necessary to understand the rate of vertical mixing in these environments. Note that while we 54 
focus here on seagrass meadows as the archetypal coastal canopy, the results of this study will be 55 
equally relevant to other marine canopies formed by, for example, coral or kelp. 56 






The vast majority of numerical, laboratory and field studies into the hydrodynamics of 57 
vegetated flows have focused on steady flow environments (Nepf 2012a; Nepf 2012b). The 58 
primary hydrodynamic impact of aquatic vegetation in steady flows is the drag exerted by the 59 
canopy elements and the subsequent velocity reduction within the canopy. The drag of 60 
submerged canopies creates a pronounced inflection point in the mean velocity profile 61 
(Ghisalberti and Nepf 2002), such that the shear layer across the top of the canopy is analogous 62 
to a mixing layer, rather than a boundary layer (Raupach et al. 1991; Raupach et al. 1996; 63 
Ghisalberti and Nepf 2002). This inflection point is a necessary criterion for instability of an 64 
inviscid parallel flow (Kundu and Cohen 1990) and leads to the generation of Kelvin-Helmholtz-65 
type vortices (referred to as KH-vortices hereafter) (Brown and Roshko 1974; Winant and 66 
Browand 1974). In steady flows over submerged canopies, vertical transport is dominated by 67 
these coherent vortex structures (Nepf and Ghisalberti 2008). The scale of these vortices is 68 
dictated by the canopy drag length scale, LD (Ghisalberti and Nepf 2009), which describes the 69 
flow resistance of the canopy and is defined as 70 
 = 	1 −          (1) 71 
(Coceal and Belcher 2004). Here, a is the canopy frontal area per unit volume, λP is the solid 72 
fraction of the canopy and CD is the bulk drag coefficient of the meadow. 73 
There has been some quantification of rates of vertical mixing in steady canopy flows. In 74 
submerged canopies, vertical mixing is controlled by the shear layer at the top of the canopy. The 75 
vertical turbulent diffusivity, Dt,z, at the top of the canopy scales on the velocity difference (∆U) 76 
across the shear layer and the canopy drag length scale; specifically, Dt,z ≈ (0.03 ± 0.01) ∆ULD 77 
(for λP = 2.5 – 8 %) (Ghisalberti and Nepf 2005). In emergent canopies, vertical mixing is 78 
controlled by the small-scale wakes generated behind the canopy elements (Nepf et al. 1997; 79 






López and García 1998). The vertical turbulent diffusivity in emergent canopies scales upon the 80 
in-canopy velocity (Uc) and a turbulent length scale which is set by either the stem diameter or 81 
by the stem spacing. For example, when λP < 10 %, Dt,z = 0.2Ucd where  is the stem diameter 82 
(Lightbody and Nepf 2006).  83 
Despite the focus on unidirectional flow, many aquatic canopies exist in coastal, wave-84 
dominated environments. Our understanding of oscillatory canopy flows, however, remains 85 
limited. Previous research has focused primarily on the wave height attenuation of coastal 86 
canopies (Dubi and Torum 1996; Bradley and Houser 2009; Ozeren et al. 2013) and the in-87 
canopy flow structure (Lowe et al. 2005a; Lowe et al. 2007; Luhar et al. 2010; Pujol et al. 88 
2013a). These studies have demonstrated that the amplitude of the oscillatory velocity far above 89 
the canopy ( U∞)  is unaffected by the canopy roughness and that, within the canopy, the 90 
oscillatory velocity amplitude is attenuated below U∞. This attenuation, which is greater for 91 
denser canopies (Lowe et al. 2005a; Pujol et al. 2013b), creates shear in the oscillatory velocity 92 
profile in a thin region near the top of the canopy. Within this shear layer, an inflection point in 93 
the profile of oscillatory velocity can be generated (Lowe et al. 2005a; Reidenbach et al. 2007; 94 
Pujol et al. 2013b), in a manner similar to steady flows. Indeed, the generation of shear-layer 95 
vortices in oscillatory canopy flows has recently been demonstrated (Ghisalberti and Schlosser 96 
2013). Vortices are generated only under certain conditions: namely, when the wave period is 97 
long enough to allow the shear-driven instability to be generated, and when the vortex instability 98 
is strong enough to overcome the stabilizing effects of viscosity. Vortex generation is expected 99 
to greatly affect mass transport between the canopy and the overlying water and suggests that, 100 
under these conditions, the rate of vertical mixing can be parameterised using properties of the 101 
canopy shear layer (as has been done for steady flows). 102 






The oscillatory nature of wave-dominated flows profoundly influences the 103 
hydrodynamics and mass transport in these systems (Reidenbach et al. 2007). For example, the 104 
in-canopy velocity (relative to the above-canopy velocity) is significantly enhanced under 105 
oscillatory flow conditions compared to the corresponding unidirectional flow (Lowe et al. 106 
2005a). Surface waves enhance the rate of nutrient uptake by submerged canopies such as 107 
seagrasses (Thomas and Cornelisen 2003) and coral (Falter et al. 2004; Reidenbach et al. 2007) 108 
when compared to a unidirectional current of comparable magnitude. Thus, it can be inferred that 109 
the rate of mass transfer across the top of the canopy will vary greatly between unidirectional and 110 
oscillatory flows. This necessitates a specific investigation of oscillatory canopy flows which, in 111 
turn, will allow a more complete assessment of fluid exchange between coastal canopies and 112 
their surroundings. 113 
There have been few studies that have specifically investigated mass transport 114 
(Reidenbach et al. 2007) and fluid residence time (Nishihara et al. 2011) in oscillatory canopy 115 
flows. While it was found that the residence time (Tres) inside a Sargassum fusiforme (Harvey) 116 
Setchell canopy decreases with increasing wave energy (Nishihara et al. 2011), it is still unclear 117 
how different wave (e.g. wave height and period) and canopy (e.g. shoot density) properties alter 118 
the rate of material exchange in coastal canopies. The present study therefore aims to attain a 119 
predictive formulation for vertical mixing (and consequently residence time) in these 120 
environments and to provide a complete understanding of vertical exchange under a wide range 121 
of canopy and wave conditions. To do so, an extensive laboratory investigation was conducted to 122 
measure the vertical turbulent diffusivities of uniform dye sheets injected at the top of artificial 123 
seagrass meadows. 124 
Methods 125 






Wave flume 126 
Experiments were conducted in a 50-m-long, 120-cm-wide and 120-cm-deep wave flume 127 
(Figure 1a). Surface waves were generated by a piston-type wave maker located in the middle of 128 
the flume. Beaches of slope 1:10 were constructed at both ends of the tank to minimise wave 129 
reflection. The beaches were covered by anti-fatigue rubber mats at the front and less porous 130 
Polyetherane filter foam at the back, so that incident waves encountered regions of progressively 131 
decreasing porosity. This approach gradually dissipates wave energy and allows the overall 132 
length of the beach to be shorter than one wavelength (Le Méhauté 1972). To determine the 133 
amount of wave reflection in this system, twenty three pressure sensors were placed along the 134 
flume centreline, spanning a distance equal to half the wavelength of the generated waves (and 135 
therefore equal to the internodal distance of the partial standing wave that is generated). The 136 
reflection coefficient of the flume, R, was then estimated as: 137 
 = 	,          (2) 138 
where Hmax and Hmin are the maximum and minimum local wave heights, respectively. For 139 
conditions typical of this study (an incident wave height, H, of 12 cm and a wave period, T, of 4 140 
s), the reflection coefficient of the flume was found to be less than 6 %. This level of reflection 141 
was deemed sufficiently small so as to induce negligible contamination of the incident waves 142 
(Hughes 1993).  143 
Model vegetation canopy  144 
To allow the canopy geometry to be invariant and easily quantified, the model vegetation 145 
consisted of rigid cylinders. Many experimental studies have been performed with such mimics, 146 
which allow faithful recreation of the salient features of the hydrodynamics of vegetated flows 147 
(see, e.g., Seginer et al. 1976; Raupach et al. 1986; Ghisalberti and Nepf 2004; Lowe et al. 148 






2005b). Birch dowels were inserted into perforated PVC boards and extended wall-to-wall to 149 
create the model canopy. The canopy height (hc = 30 cm), stem diameter (d = 0.64 cm) and still 150 
water depth (hw = 0.76 m) were kept constant throughout the experiments. The canopy length (l) 151 
was varied inversely with the canopy density, and ranged from 3 – 9 m (Table 1). In all cases, the 152 
length of the canopy on either side of the measurement location was at least four times greater 153 
than the total fluid particle excursion far above the canopy (2A∞, where, assuming linear waves, 154 
A∞ = U∞T / 2π). This minimised edge effects by ensuring that all dyed fluid particles remained 155 
within the vegetated porti n of the flume throughout each experiment.  156 
Four plant densities, with λP ranging from 1 ‒ 10 %, were employed (represented as VL, 157 
L, M and H hereafter, Table 1). This range spans typical densities in meadows of aquatic 158 
vegetation (see e.g. Fonseca et al. 1983; Gambi et al. 1990; Luhar et al. 2010). Each canopy was 159 
exposed to nineteen flow conditions by varying the wave period (T = 5 – 9 s) and the above-160 
canopy oscillatory velocity amplitude U∞ (= 4.6 – 31.3 cm/s), as detailed in Table 2. All 161 
generated waves were shallow-water waves with λ / hw > 20, where λ is the wavelength (Dean 162 
and Dalrymple 1991). 163 
Wave and canopy conditions were carefully selected to span a wide and relevant range of 164 
the two dimensionless parameters that govern these systems. The first is the Keulegan-Carpenter 165 
number (KC):  166 
 =  ⁄ ,          (3) 167 
which represents the scale ratio of particle excursion to the canopy drag length scale. The second 168 
is the Reynolds number (Re):  169 
 =  /",          (4)  170 






defined here using the particle excursion amplitude far above the canopy (A∞) as the 171 
characteristic length scale (ν is the kinematic fluid viscosity). At sufficiently high Re and KC 172 
(namely, when KC ≳ 5 and Re ≳ 1000), KH-vortices will be generated (Ghisalberti and 173 
Schlosser 2013). Marine canopies typically have drag length scales of O(1 – 100) (Luhar et al. 174 
2008) and are commonly exposed to waves with T ~ O(10 s) and U∞ ~ O(1 – 100 cm/s). 175 









) (Ghisalberti and Schlosser 2013). Values of KC and Re in these experiments are 177 
kept within these field ranges (Table 2).  178 
Theoretical model for vertical mixing 179 
We define x as the direction of wave propagation, y as the lateral direction and z as the 180 
vertical direction (positive upward), with z = 0 at the bed (Figure 1a).  181 
Vertical mixing is characterised here through a vertical turbulent diffusivity (Dt,z). This 182 
diffusivity is measured through the evolution of vertical profiles of concentration (C) of a dye 183 
sheet injected into the flow. We employ the assumption of an approximately constant diffusivity 184 
over depth so that, for a dye sheet mixed uniformly in the horizontal (i.e. ∂C / ∂x = 0 and ∂C / ∂y = 185 
0) with no vertical advection, the mass transport equation reduces to:  186 
%&
%' 	= 	(',) 	%
*&
%)*           (5) 187 
In the absence of boundary effects, the solution to (5) for an instantaneous release of 188 
mass M of a tracer at the top of the canopy (z = hc) at time t = 0 is given by a Gaussian 189 
distribution of concentration in the vertical:  190 
+, , = - ./01234,5'6 	78 -
)9:*
24,5' 6,       (6) 191 






where C(z,t) is tracer concentration and Axy is the x-y planar area. From (6), the concentration 192 
distribution along any vertical line through the tracer cloud will have a Gaussian distribution, 193 
with a variance (σ2) that grows linearly with time, such that 194 
;<*
;' = 2(',)           (7) 195 
(Fischer 1979). Consequently, measurement of the rate of change of the variance of the vertical 196 
concentration distribution allows the estimation of a vertical turbulent diffusivity. The variance 197 
of the evolving concentration distribution is calculated through the zeroth, first and second 198 
moments of the vertical concentration distribution:  199 
>? = @ +, ,+9A∗? 	          (8) 200 
>	 = @ ++, ,+9A∗?           (9) 201 
>C = @ +C+, ,+9A∗?          (10) 202 
where ℎE∗  = 60 cm is the height to which concentration measurements were limited (as detailed 203 
in the following section). The variance is then given by 204 




.          (11) 205 
Dye injection and concentration measurement 206 
Rhodamine WT dye, a commonly-used fluorescent tracer in environmental studies, was 207 
used to create the dye sheet. Dye concentration was measured by an array of five Turner Designs 208 
Cyclops 7 submersible fluorometers, with a sampling frequency of 15 Hz (Figure 1b). These 209 
sensors generate light at the excitation wavelength of Rhodamine WT (550 nm), and then 210 
measure the intensity of re-emitted light (590 to 715 nm). Fluorometer output voltages were 211 
converted to concentration through calibration with standards of known concentration. The linear 212 






correlation between output voltage and concentration was exceedingly strong (R
2
 > 0.993 for all 213 
five sensors).  214 
As shown in Figure 1c, a two-line injection system was employed to ensure creation of a 215 
horizontally-uniform sheet of dye (a condition of employing Equation (5)). Dye was injected 216 
through two porous PVC tubes (each with an inner diameter of 3 mm) positioned at the top of the 217 
canopy; the tubes had one 0.7-mm hole per centimetre of length. A peristaltic pump with four 218 
outlets was used to inject the dye into the tubes from both ends. The injection velocity was made 219 
equal to the maximum oscillatory velocity at the top of the canopy to minimise jet-induced 220 
mixing at the inlet. Dye was injected over exactly one wave period, creating a dye sheet with a 221 
length approximately equal to the total particle excursion (2A∞). This length varied from 14 to 65 222 
cm throughout the experiments. 223 
The tube diameter, hole diameter and hole spacing of the injection system were carefully 224 
chosen through trial-and-error to create the most horizontally-uniform dye sheet obtainable. The 225 
uniformity of the dye sheet was assessed by arranging the five fluorometers laterally within an 226 
injected sheet. In each of 10 replications, the standard deviation of the five concentration 227 
measurements (at any time in the wave cycle) was always less than 10 % of the average of the 228 
measurements, indicative of a uniform concentration in y. Furthermore, the standard deviation of 229 
concentration measurements over a wave cycle in any one fluorometer was always less than 10 230 
% of the average value, indicative of a uniform concentration in x. 231 
In these experiments, the five fluorometers were arranged vertically (every 15 cm, 232 
starting from the bed, Figure 1b), such that the central fluorometer was coincident with the 233 
canopy top and the injection system. The arrangement of fluorometers spanning the top of the 234 
canopy allows evaluation of a single diffusivity (Dt,z) that describes mass transport into and out 235 






of the canopy. The simultaneous measurements of concentration at these five vertical locations 236 
were used to construct instantaneous concentration profiles, instantaneous estimates of the 237 
variance of concentration distribution (σ2) and, ultimately, to estimate Dt,z in each experiment 238 
(Equation (7)).  239 
The validity of Equation (6) in describing the vertical distribution of concentration is 240 
demonstrated in Figure 2. Typical of all experiments in this study, vertical profiles of 241 
concentration (averaged over one wave cycle) in run 3-VL from t = 0 (the time of injection) to t 242 
= 8T displayed excellent agreement with the model presented in (6), such that R
2
 > 0.97 for all 243 
Gaussian fits in this figure. The near-symmetry of the concentration distribution confirms the 244 
validity of the assumption of a diffusivity that varies little over depth.  245 
Estimation of diffusivity  246 
Consistent with Equation (7), the cloud variance increased linearly with time in all 247 
experiments (Figure 3) from the time of injection (when the variance is non-zero due to the 248 
initial thickness of the dye sheet) to the time when the cloud reaches either the water surface or 249 
the bed (and growth tapers off and eventually ceases). The slope of the linear portion of the σ2 – t 250 
curve for each run has been used to calculate the vertical turbulent diffusivity (Equation (7)). For 251 
each run in Table 2, between three and eight replicate experiments were performed.  252 
To investigate the accuracy of diffusivity estimates derived from only five concentration 253 
measurement locations, we evaluated the sensitivity of estimated diffusivity to fluorometer 254 
arrangement. For selected flows in the absence of a canopy, the diffusivity estimated from the 255 
fluorometer arrangement presented here (i.e. fluorometers spanning the injection point) was 256 
compared to that from an arrangement where all five fluorometers were placed below the 257 
injection point (and assuming a symmetric concentration distribution about the injection point). 258 






This comparison revealed less than a 5 % difference in diffusivity estimates, demonstrating that 259 
the arrangement employed here is sufficient for robust estimates of vertical diffusivity. 260 
The impact of turbulence generated by the fluorometer frame on vertical mixing was 261 
found to be negligible. The time taken (Tmix) for the concentration at z = 60 cm to reach 10 % of 262 
the injected concentration was measured with and without the presence of the frame (for waves 263 
with H = 18 cm and T = 5 s and no canopy present in the flow). Over 10 replications, the effect 264 
of the frame on Tmix was always less than 5 %. 265 
Velocity measurements 266 
Velocity measurements (for describing the strength of the oscillatory flow) were taken 267 
with a Sontek three-dimensional Acoustic Doppler Velocimeter (ADV). The ADV was placed 268 
mid-width and mid-length along the canopy. Vertical velocity profiles consisted of 25 six-minute 269 
velocity records (equivalent to 40‒70 T), collected at a sampling frequency of 25 Hz. When 270 
necessary (i.e. for the two densest canopies), a small number of stems were removed to create a 271 
5-cm-diameter area that allowed ADV access into the canopy (Figure 1a).  272 
To obtain phase-averaged oscillatory velocities, the phase angle (φ, from –π to π) of each 273 
velocity data point was determined using a Hilbert transform. Velocity data were then grouped 274 
into 91 phase bins with phase-averaged statistics calculated within each bin (Perrin et al. 2007; 275 
Pujol et al. 2013b). In Figure 4, a time series of velocity in the direction of wave propagation (u, 276 
Figure 4a), the phase-binned velocity data from 50 wave cycles (Figure 4b) and the phase-277 
averaged velocity signal (Figure 4c) for run 6-M (H = 7 cm and T = 8 s) are presented. At any 278 
given height, the root-mean-square (RMS) of the oscillatory velocity component in the direction 279 
of wave propagation, U
rms
, is calculated according to: 280 
KLM = N 	C3 @ 〈PQ〉 − PSCQ33  ,         (12) 281 






where PS is steady component associated with the time-independent mean motion and angular 282 
brackets represent the phase average over several wave periods. 283 
Results  284 
Velocity structure 285 
The impact of canopy density on the in-canopy oscillatory velocity is shown in Figure 5. 286 
Here, the vertical profile of U
rms
 is shown for identical waves over (i) a bare bed, (ii) a sparse 287 
canopy (λP = 1 %; run 18-VL) and (iii) a dense canopy (λP = 10 %; run 18-H). There is an 288 
increasing attenuation of the in-canopy velocity with canopy density; this attenuation is defined 289 
by the velocity ratio 290 
T	 = UKLM KLM⁄ ,          (13) 291 
where UKLM and KLM are the RMS values of the oscillatory velocities within and well-above the 292 
canopy, respectively. While this ratio is high (0.97) in the sparse canopy, it is much less than one 293 
(0.53) in the dense canopy (Figure 5). Note that the subscript ‘c’ will be used to denote 294 
vertically-averaged in-canopy flow characteristics and the subscript ‘∞’ to denote those far 295 
above the canopy (where the flow is assumed to be unaffected by the canopy). 296 
Estimation of velocity difference across the top of the canopy 297 
Turbulent diffusivities are typically described as the product of a characteristic turbulent 298 
velocity scale and a characteristic turbulent length scale. Given the importance of the interfacial 299 
shear layer in driving mixing in steady canopy flows, we start by scaling the diffusivity on shear 300 
layer properties. The difference in RMS oscillatory velocities across the shear layer 301 
∆ = KLM − UKLM,          (14) 302 






is chosen as the relevant velocity scale in description of vertical mixing. The relevant length 303 
scale is taken as the drag length scale of the canopy, LD, which sets the shear layer scale in steady 304 
canopy flows (Ghisalberti 2009; Ghisalberti and Nepf 2009). 305 
Given that velocity profiles were not collected in all runs (Table 2), it is necessary to 306 
have predictive capability for ∆U. This is achieved through the theoretical model proposed by 307 
Lowe et al. (2005a). This model provides an estimate of the velocity ratio, α, through application 308 
of the momentum equation which governs wave velocities within and above the canopy. In 309 
particular, knowledge of KLM and canopy properties leads to the estimation of ∆U (= KLM −310 
	TKLM, Equations (13) and (14)). Values of α measured here are in excellent agreement with the 311 
predicted values, with an average discrepancy of less than 5 % (Figure 6). In application of this 312 
model, typical values of the friction coefficient (Cf) (i.e. 0.01, Lowe et al. 2005a), inertia 313 
coefficient (Cm) (i.e. 1.5, Obasaju et al. 1988; Anagnostopoulos and Dikarou 2012) and drag 314 
coefficient (CD) (i.e. 1, Mendez and Losada 2004; Anagnostopoulos and Dikarou 2012; Jadhav et 315 
al. 2013) were employed. Given the excellent agreement between model prediction and 316 
experiment, this model was used to predict ∆U for all experimental runs in which it was not 317 
measured directly. 318 
Vertical turbulent diffusivity 319 
There is a strong collapse of the turbulent diffusivity (Dt,z) as a function of (∆ULD) across 320 
the range of canopy density (Figure 7). While the relationship between Dt,z and (∆ULD) is one of 321 
direct proportionality when (∆ULD) is high (indicative of shear-layer-driven mixing), that 322 
relationship breaks down at low (∆ULD) (where the diffusivity is, in fact, enhanced). This region, 323 
particularly, corresponds to waves with low oscillatory velocities and consequently low values of 324 
KC, where shear layer vortices may not be generated. We hypothesise that, despite the fact that 325 






mixing driven by stem wakes is typically deemed to be negligible in a description of mixing 326 
across the top of submerged canopies in steady flows, it can have a significant impact in 327 
oscillatory canopy flows, where the shear layer at the top of the canopy is not fully-developed. 328 
As discussed in the Introduction, shear layer vortices are generated only under certain 329 
conditions in oscillatory flow: namely, when the wave period is long enough to allow the shear-330 
driven instability to be generated before flow reversal (i.e. when KC ≳ 5), and when the vortex 331 
instabilities are strong enough to overcome the stabilising effects of viscosity, (i.e. when Re ≳ 332 
1000) (Ghisalberti and Schlosser 2013). The runs of this study cover KC below and above this 333 
threshold while the values of Re were always above 1000 (Table 2). It is therefore expected that 334 
shear-layer-driven mixing will dominate at higher KC here, with wake-induced turbulence 335 
contributing significantly to vertical mixing at lower KC (in particular when KC < 5). This is 336 
further discussed in the following sections, where we present different descriptions of mixing for 337 
different ranges of KC. 338 
Shear-layer-induced mixing 339 
The direct proportionality of the relationship in Figure 7 at high (∆ULD) suggests that 340 
vertical mixing is controlled by shear layer characteristics in this region (namely, at high KC). As 341 
further proof of this, consideration only of flows with KC > 18 reveals a strong linear 342 
dependence of diffusivity on (∆ULD) across a range of canopy density (R
2
 > 0.9, Figure 8). That 343 
is, after reaching a threshold value (KC ≈ 18), shear-layer-driven mixing controls vertical 344 
transport, and the vertical diffusivity is given by:  345 
(',) = T		Δ      KC > 18    (15) 346 
where α1 ≈ 0.082.  347 
Wake-induced mixing 348 






To investigate the impact of wake turbulence on mixing in oscillatory canopy flows, we 349 
use the model presented by Nepf (1999) for steady flows. This model assumes that all the energy 350 
extracted from the mean flow by a population of emergent vegetation (where no shear layer is 351 
present) is converted to turbulent kinetic energy through the stem wakes. By setting the 352 
characteristic length scale of the turbulence to the stem diameter, the vertical turbulent diffusivity 353 
becomes a function of flow velocity and canopy drag, i.e. 354 
(',)E 	~		/Z	U,          (16) 355 
where (',)E  is the vertical turbulent diffusivity generated by stem wakes and Uc is the local in-356 
canopy velocity. Emergent canopy formulations for vertical mixing have been used successfully 357 
to describe mixing in the lower portion of submerged canopies (i.e. below the shear layer that 358 
forms at the top of the canopy) in steady flows (see, for example, Ghisalberti 2005; Ghisalberti 359 
and Nepf 2009). We endeavour here to see whether the formulation in (16) describes wake-360 
driven vertical mixing in an oscillatory flow over a submerged canopy, using UKLM as the 361 
relevant in-canopy velocity. 362 
The applicability of (16) to oscillatory canopy flows is investigated for runs with KC < 5, 363 
where shear layer vortices are not generated. The direct proportionality between Dt,z and 364 
	/Z	UKLM at low KC (Figure 9), as well as the notable collapse of data across a range of 365 
canopy density, is suggestive of the dominant impact of wake turbulence on mixing when shear-366 
layer instability is absent. That is, at low KC, the vertical diffusivity is given by:  367 
(',) = TC[	 Z⁄ 	UKLM]     KC < 5    (17) 368 
where α2 = 1.1 is the best-fit value of the scaling factor. 369 
Total vertical mixing 370 






In any given oscillatory canopy flow, the observed diffusivity is expected to represent the 371 
sum of shear-layer- and wake-driven contributions. This is confirmed in Figure 10, where the 372 
measured diffusivity is plotted against the sum of the shear-layer- and wake-driven diffusivity 373 
formulations (Equations (15) and (17)). In this figure, flows in the intermediate regime (5 < KC 374 
< 18) are represented by triangle markers to differentiate them from the shear-layer- and wake-375 
dominated regimes (circles). The strong linear relationship between observed diffusivity and the 376 
sum of the shear-layer- and wake-driven mixing terms, as well as the strong collapse across the 377 
entire range of canopy density, indicates that vertical mixing in oscillatory canopy flows can be 378 
considered as a combination of shear-layer- and wake-driven mixing processes. The vertical 379 
diffusivity that represents mass transport across the top of the canopy can be expressed as: 380 
(',) = ]^T	Δ 	+ 	TC	 Z⁄ 	UKLM`       (18) 381 
where β ≈ 0.53 is the proportionality constant (and α1 = 0.082, α2 = 1.1). 382 
Discussion 383 
This study reveals a predictive capability for the rate of vertical mixing in coastal 384 
canopies under different wave and canopy conditions. We classify mixing into three regimes, 385 
namely the: (1) shear-layer-dominated regime (KC > 18, Equation (15)), (2) wake-dominated 386 
regime (KC < 5, Equation (17)), and (3) the intermediate regime, where both the shear layer and 387 
wakes contribute to vertical transport (5 < KC < 18, Equation (18)). 388 
The impact of wake mixing on the assumption of a vertically-uniform diffusivity 389 
Clearly wake turbulence (present only within the canopy) is important in describing 390 
vertical mixing across the top of the canopy, particularly when KC < 18. Therefore, we expect 391 
in-canopy mixing to occur more rapidly than above-canopy mixing. To test this idea, in-canopy 392 
and above-canopy diffusivities were determined separately for a range of runs in Table 2. The in-393 






canopy diffusivity, (Dt,z)c, was estimated by gauging the spread of the injected dye sheet into the 394 
canopy only (i.e. with all fluorometers inside the canopy) and assuming a symmetric 395 
concentration distribution across the canopy top. Similarly, the above-canopy diffusivity, (Dt,z)∞, 396 
was estimated by gauging the spread of the injected dye sheet above the canopy only (i.e. with 397 
all fluorometers above the canopy). There is clearly an elevated in-canopy diffusivity (i.e. (Dt,z)c / 398 
(Dt,z)∞ > 1) when KC < 5 and a vertically-uniform diffusivity when KC > 18 (Figure 11). This 399 
confirms not only the impact of wake turbulence in controlling mixing when KC < 18, but also 400 
the uniformity of the turbulent structure induced by KH-vortices on both sides of the canopy-401 
water interface in the shear-layer-dominated regime.  402 
This result, however, does not invalidate calculation of a single, representative value of 403 
diffusivity that describes vertical mixing into and out of the canopy (the top of which is the 404 
central point of the fluorometer arrangement). Linear fits to σ2 – t curves, which were used to 405 
estimate diffusivity, were consistently good even at low KC (R
2
 > 0.9, on average, for KC < 5). 406 
This is demonstrated in Figure 3, where the σ2 – t curve for a run with KC = 2 has a well-defined 407 
linear region (R
2 
= 0.9), despite an elevated in-canopy diffusivity ((Dt,z)c / (Dt,z)∞ ≈ 1.3). Thus, 408 
although local in-canopy diffusivities may differ slightly from this single, representative value, 409 
this technique provides a robust description of mixing across the top of the canopy, and therefore 410 
of canopy residence time. 411 
The impact of oscillatory flow on vertical mixing  412 
As discussed in the Introduction, the vertical diffusivity in steady canopy flow can be 413 
described by Dt,z ≈ γ∆ULD, where γ ≈ 0.03. This study suggests an average oscillatory flow value 414 
of γ ≈ 0.082 (equivalent to α1 in Figure 8), which appears counterintuitive; it was expected that γ 415 
would be diminished due to the non-fully-developed nature (due to flow reversal) of the shear 416 






layer at the top of the canopy. The elevated value of γ in oscillatory flow suggests that the phase 417 
lag induced by canopy drag causes an earlier reversal of the flow within the canopy, thereby 418 
creating instantaneous velocity gradients that greatly exceed the time-averaged value, ∆U (see 419 
e.g. Backhaus and Verduin 2008). 420 
Nevertheless, the diminished shear in wave-driven flows causes the vertical diffusivity 421 
therein to be invariably lower than that in the corresponding steady flow (i.e. that with identical 422 
above-canopy RMS velocity). This is confirmed through direct comparison of steady flow 423 
diffusivity measurements (from Ghisalberti and Nepf 2005) and the diffusivities observed here in 424 
the corresponding oscillatory flow over an identical canopy (Figure 12). The steady flow 425 
diffusivity exceeds the oscillatory flow value by a factor of 2‒3 in all cases. This suggests a 426 
greater residence time of dissolved and particulate species (such as nutrients, oxygen, pollen, 427 
contaminants, sediment, seeds etc.) in a canopy exposed to an oscillatory flow than that exposed 428 
to the corresponding unidirectional flow.  429 
Increased nutrient uptake has been observed in seagrass meadows under oscillatory flow, 430 
relative to that under unidirectional flow (Thomas and Cornelisen 2003). It is plausible that this 431 
is related to the higher nutrient residence time in the canopy under oscillatory conditions. 432 
However, the influence of canopy residence time on rates of nutrient uptake depends on, for 433 
example, whether the canopy has elevated or diminished nutrient concentration (relative to its 434 
surroundings), as well as the physiological uptake capacity of the seagrass. Thus, while 435 
oscillatory flows will increase residence times within the canopy, the consequences of this for 436 
biological and ecological processes will not necessarily be directly predictable. 437 
Residence time in coastal canopies 438 






The final question to be answered here concerns the variation of the residence time within 439 
a coastal canopy with wave and canopy properties. In addressing this question, we use the 440 
general model presented in Equation (18) to predict Dt,z. The variation of the characteristic 441 
residence time within the canopy, Tres, is then evaluated simply as: 442 
KaM 	= 	 ℎUC (',)b .          (19)	443 
While wave height and period and canopy density are varied in this analysis, constant 444 
values of water depth (1 m), canopy height (40 cm) and characteristic stem diameter (6.4 mm) 445 
are employed. The water depth was chosen to ensure that the canopies were invariably exposed 446 
to shallow water waves (λ / hw > 20, typical of coastal canopies). As before, predictions of DU, 447 
required for estimation of diffusivity, are made through application of the model of Lowe et al. 448 
(2005a). 449 
Impact of wave height (H): The canopy residence time decreases simply with increasing 450 
wave height (Figure 13). This is due to the increase of oscillatory velocity with increasing wave 451 
height (given that the depth is held constant) which, for linear waves, is given by: 452 
KLM ≈ C√CN
e
9A	           (20) 453 
(Lowe et al. 2005a). For a given canopy, an increase in oscillatory velocity will generate 454 
increases in both the velocity difference across the top of the canopy (∆U) and the in-canopy 455 
velocity UKLM. The former leads to more rapid shear-layer-driven mixing and the latter to more 456 
rapid wake-driven mixing. A greater diffusivity, and therefore a lower residence time, will 457 
consequently be observed with increasing wave height.  458 
Impact of canopy density (λP): The complex dependence of residence time on canopy 459 
density is illustrated in Figure 13. When the canopy is sparse, and the wave height small, an 460 
increase in canopy density causes a decrease in residence time. For these canopies (at low KC), 461 






wake-driven mixing is dominant and the greater density creates more rapid wake mixing 462 
(Equation (17)). As density increases further, residence time starts to increase due to the resultant 463 
reduction in in-canopy velocity. Eventually, as canopy density (and therefore KC) increases, 464 
shear-layer-driven mixing becomes important and offsets the reduction in wake-driven mixing. 465 
Thus, Tres becomes essentially independent of λP at high density (Figure 13). The density at 466 
which this occurs (as indicated by the residence time curves becoming near-horizontal) increases 467 
with wave height; for example, when H = 10 cm, the threshold is λP ≈ 3 % but exceeds λP ≈ 12 % 468 
for H = 100 cm. Overall, the relationship between residence time and canopy density is highly 469 
nonlinear, but there is a general trend of residence time increasing with density for typical, 470 
intermediate values. 471 
Impact of wave period (T): For a given wave height and canopy density, the residence 472 
time decreases as the wave period increases (Figure 14). This is due to the increase in particle 473 
excursion with wave period which, for linear waves, is given by: 474 
/fgh
i 	≈ - 23iN eC9A6
							
          (21) 475 
This, in turn, leads to an increase in DU (Figure 6), thus enhancing shear-layer-driven mixing. 476 
Interestingly, this reduction in residence time is most pronounced in sparse canopies. In dense 477 
canopies, where there is significant flow attenuation, the increase in period leads to a pronounced 478 
reduction in the in-canopy velocity, and a resultant reduction in wake-driven mixing that 479 
partially offsets the increase in the shear-layer-driven component. Therefore, as seen when 480 
looking at the impact of canopy density, the compensating changes of the two terms in Equation 481 
(18) eventually render the residence time effectively independent of wave period.  482 
Impact of canopy flexibility and morphology: This study provides a quantitative 483 
understanding of the processes that control rates of vertical mixing in wave-dominated canopy 484 






flows. The rigid model canopies employed here are representative of non-flexible coastal 485 
canopies, such as those formed by stony coral species. Since many coral communities are located 486 
in nutrient-limited environments (Falter et al. 2004), it is critical to understand the rate of mass 487 
transfer into and out of the canopy, which ultimately controls nutrient uptake in these systems 488 
(Bilger and Atkinson 1995; Thomas and Atkinson 1997). However, many coastal canopies (such 489 
as those of seagrass, which has been the focus here) are highly flexible and present a geometry 490 
that oscillates throughout the wave cycle. Previous studies have shown that stem flexibility 491 
influences the flow structure in both steady (Nepf et al. 1997; Nepf and Vivoni 2000; Ghisalberti 492 
and Nepf 2009) and wave-dominated (Pujol et al. 2013b) flows. In particular, stem flexibility 493 
introduces a time-varying canopy drag, which is expected to have a non-negligible impact on 494 
shear layer characteristics, wake turbulence and, ultimately therefore, residence time. Thus, 495 
incorporation of canopy flexibility in descriptions of canopy residence time is a key future 496 
research challenge and one that will be addressed in an upcoming article (Abdolahpour et. al. 497 
unpubl.). 498 
Furthermore, the importance of wake-driven mixing in oscillatory canopy flow suggests a 499 
sensitivity to the morphology of canopy elements. While the model canopies employed here 500 
consisted of cylindrical elements, real coastal canopies are likely to be characterized by vertical 501 
morphological variation (with, for example, a branched or leafy structure). A fundamentally-502 
important next step is the testing of the formulations developed here in the complex environment 503 
of a real coastal canopy. 504 
Conclusion 505 
Exchange between a coastal canopy and its surroundings can be governed by the rate of 506 
vertical mixing across the top of the canopy. An extensive laboratory study has been conducted 507 






to obtain direct measurements of vertical turbulent diffusivity in wave-dominated canopy flows. 508 
This study, for the first time, reveals a predictive capability for the rate of vertical mixing in 509 
coastal canopies across a wide and realistic range of wave and canopy conditions. We classify 510 
mixing into three regimes based on the Keulegan-Carpenter number (KC, which represents the 511 
ratio of particle excursion to the canopy drag length scale, and is defined in Equation (3)). These 512 
regimes are: 513 
(1) High KC flow (KC > 18), where vertical mixing is dominated by the shear layer at the 514 
top of the canopy. The vertical diffusivity in this regime scales on the velocity difference 515 
across the shear layer and the drag length scale (Equation (15)). 516 
(2)  Low KC flow (KC < 5), where vertical mixing is dominated by the wakes behind canopy 517 
elements. The vertical diffusivity in this regime scales on wake properties (Equation 518 
(17)). 519 
(3) Intermediate KC, where both shear-layer- and wake-driven mixing are relevant (Equation 520 
(18)). 521 
These formulations for vertical diffusivity are used to explore the variation of canopy residence 522 
time with properties of the wave (height and period) and the canopy (density). 523 
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Figure Legends 683 
Fig.1. The experimental setup, dye injection system and the model canopy. (a) Schematic view 684 
of the experimental configuration in the wave flume (not to scale) (b) The dye injection tubing 685 
extended wall-to-wall (at the top of a λP = 3 % canopy) and the vertical arrangement of the five 686 
Cyclops 7 fluorometers (c) A close-up of the two-line injection system (in a canopy with λP = 5 687 
%). The height of the central fluorometer (3) was exactly the same as that of the centre of the 688 
injection tubing so as to measure the maximum concentration of the injected dye. 689 
Fig.2. The vertical growth of the dye cloud for run 3-VL (T = 8 s, H = 7 cm) from t = 0 (the 690 
moment of injection) to t  = 8T. Concentration values are time-averaged over exactly one wave 691 
cycle (indicated by markers). For all Gaussian fits (indicated by the lines), R
2 
> 0.97, indicating 692 
that concentration distributions show excellent agreement with the model presented in Equation 693 
(6). 694 
Fig. 3. The growth of concentration distribution variance with time after injection for run 3-VL 695 
(the same run as in Fig. 2). 696 
Fig. 4. A time series of velocity in the direction of wave propagation (u) above the canopy in run 697 
6-M. (a) The raw velocity signal containing the mean, oscillatory and turbulent components 698 
(Equation 12) (b) All velocity data from 50 wave cycles as a function of phase (φ) (c) The phase-699 
averaged oscillatory velocity <u(φ)>. 700 
Fig. 5. The impact of canopy density on the in-canopy oscillatory velocity. For identical waves 701 
(with T = 8 s), vertical profiles of U
rms
 for a dense canopy (λP = 10 %, black markers), a sparse 702 
canopy (λP = 1 %, grey markers) and a bare bed (white markers) are shown. Values of the in-703 
canopy (UKLM) and above-canopy (KLM) RMS velocities are indicated for the dense canopy. 704 






Fig. 6. The velocity attenuation ratio (α) as a function of the dimensionless particle excursion 705 
length ( KLM  / S) over a wide range of canopy density (here represented, as in Lowe et al. 706 
(2005a), by the ratio of the stem-to-stem spacing to the stem diameter, S / d). Here,  KLM is the 707 
RMS particle excursion far above the canopy (equal to A∞ / √2 for linear waves). Good 708 
agreement is observed between the measured values of α (circles) and those predicted by the 709 
theoretical model of Lowe et al. (2005a) (solid lines); the average discrepancy is less than 5 %. 710 
Fig. 7. The collapse of vertical diffusivity (Dt,z) data as a function of (∆ULD) across the range of 711 
canopy density (indicated in the legend). The dashed line represents the trend at high (∆ULD). 712 
Vertical bars represent the standard deviation of diffusivity estimates from the 3 to 8 replications 713 
in each run. In some cases, this variation is smaller than the marker size. 714 
Fig. 8. The importance of shear-layer-driven mixing at high KC, as indicated by the collapse of 715 
diffusivity data when plotted against (∆ULD) for KC > 18. Canopy density is indicated in the 716 
legend. The slope of the line of best-fit (0.082) provides the scaling factor α1. 717 
Fig. 9. The importance of wake-driven mixing in oscillatory canopy flows. When KC < 5, the 718 
diffusivity behaves as predicted by a steady flow model of wake-driven mixing (Equation (16)) 719 
across a range of canopy density (indicated in the legend). The slope of the line of best-fit (1.1) 720 
provides the scaling factor α2. 721 
Fig. 10. Mixing in oscillatory canopy flows as a combination of shear-layer- and wake-driven 722 
mixing processes. The triangle markers represent diffusivity data in the intermediate regime (5 < 723 
KC < 18), with circles representing the limiting regimes of shear-layer- and wake-dominance 724 
(KC > 18 and KC < 5, respectively). There is a strong linear relationship between diffusivity and 725 
the sum of shear-layer-driven (Equation (15)) and wake-driven (Equation (17)) formulations 726 






over the entire range of canopy density and KC values examined here. The slope of the line of 727 
best-fit (0.53) provides the scaling factor β in Equation (18). 728 
Fig. 11. The ratio of in-canopy (Dt,z)c to above-canopy diffusivity (Dt,z)∞ as a function of KC. 729 
This ratio always exceeds 1 for KC < 5, indicative of the impact of wakes on the rate of vertical 730 
mixing. This ratio decreases with KC such that (Dt,z)c / (Dt,z)∞ ≈ 1 for KC > 18. 731 
Fig. 12. Comparison of observed vertical turbulent diffusivities in steady (data from runs A, C, 732 
D, E, F, G, H and I,Ghisalberti and Nepf 2005) and wave-dominated flows (present study) with 733 
the same above-canopy RMS velocity and identical canopies. Mixing in wave-dominated flows 734 
occurs at less than half the rate of that in the corresponding steady flow over the same canopy. 735 
Fig. 13. The variation of the characteristic canopy residence time (Tres) with wave height (H) and 736 
canopy density (λP). There is a simple decrease of residence time with increasing wave height. 737 
The variation with canopy density is more complex; the residence time depends heavily on 738 
canopy density (λP) only if the canopy is sparse. In general, there is a trend of increasing 739 
residence time with canopy density for typical values of λP. 740 
Fig. 14. The decrease of residence time with increasing wave period (T). This decrease is sharper 741 
in sparser canopies, as can be seen by contrasting the dashed (λP = 1 %) and solid (λP = 5 %) 742 
lines.  743 







Table 1. The four canopy densities employed in this study 
Density a (m
-1
) ad λP LD (m)
 l (m) 
VL (Very low) 2.6 0.016 0.013 0.39 9 
L (Low) 4.5 0.029 0.023 0.22 7 
M (Medium) 9.9 0.063 0.050 0.10 5 
H (High) 20.5 0.131 0.103 0.04 3 
 
  






Table 2. The nineteen wave conditions to which each canopy was exposed 
Run T (s) U∞ (cm/s) Re 
KC 
VL L M H 
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a
 Velocity measurements taken 
b
 Diffusivity measured both inside and outside the canopy 
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Table 2. The nineteen wave conditions to which each canopy was exposed 
Run T (s) U∞ (cm/s) Re 
KC 
VL L M H 









2 9 6.6 6200 2 b 3 b 6 a 14 a,b 









4 9 8.7 10800 2 b 4 b 8 18 
5 6 11.8 13300 2 3 7
 a
 16 
6 8 11.3 16300 2 b 4 9 a,b 21 





8 8 14.5 26800 3 5 a 12 a 26 a 
9 6 16.9 27300 3 
b
 5 11 
b
 23 
10 9 13.9 27800 3 a 6 13 29 b 
11 5 21.4 36400 3 5 11 
b
 24 
12 9 16.6 39500 4 b 7 16 34 b 







14 6 22.0 46200 3 a 6 14 a,b 30 a,b 









16 5 27.7 61100 4 6 14 32 b 







18 8 25.3 81500 5 a,b 9 b 21 a,b 46 a,b 
19 6 31.3 93600 5 a 9 b 20 43 
a
 Velocity measurements taken 
b
 Diffusivity measured both inside and outside the canopy 
 





Fig.1. The experimental setup, dye injection system and the model canopy. (a) Schematic view of the 
experimental configuration in the wave flume (not to scale) (b) The dye injection tubing extended wall-
to-wall (at the top of a λP = 3 % canopy) and the vertical arrangement of the five Cyclops 7 
fluorometers (c) A close-up of the two-line injection system (in a canopy with λP = 5 %). The height of 
the central fluorometer (3) was exactly the same as that of the centre of the injection tubing so as to 
measure the maximum concentration of the injected dye. 
  





Fig.2. The vertical growth of the dye cloud for run 3-VL (T = 8 s, H = 7 cm) from t = 0 (the moment of 
injection) to t = 8T. Concentration values are time-averaged over exactly one wave cycle (indicated by 
markers). For all Gaussian fits (indicated by the lines), R
2 
> 0.97, indicating that concentration 
distributions show excellent agreement with the model presented in Equation (6). 
  






Fig. 3. The growth of concentration distribution variance with time after injection for run 3-VL (the 
same run as in Fig. 2). 
  





Fig. 4. A time series of velocity in the direction of wave propagation (u) above the canopy in run 6-M. 
(a) The raw velocity signal containing the mean, oscillatory and turbulent components (Equation 12) 
(b) All velocity data from 50 wave cycles as a function of phase (φ) (c) The phase-averaged oscillatory 
velocity <u(φ)>. 
  




    
 
 
Fig. 5. The impact of canopy density on the in-canopy oscillatory velocity. For identical waves (with T 
= 8 s), vertical profiles of U
rms
 for a dense canopy (λP = 10 %, black markers), a sparse canopy (λP = 1 
%, grey markers) and a bare bed (white markers) are shown. Values of the in-canopy (
) and 
above-canopy (
) RMS velocities are indicated for the dense canopy. 
  





Fig. 6. The velocity attenuation ratio (α) as a function of the dimensionless particle excursion length 
(

 / S) over a wide range of canopy density (here represented, as in Lowe et al. (2005), by the ratio 
of the stem-to-stem spacing to the stem diameter, S / d). Here, 
 is the RMS particle excursion far 
above the canopy (equal to A∞ / √2 for linear waves). Good agreement is observed between the 
measured values of α (circles) and those predicted by the theoretical model of Lowe et al. (2005) (solid 
lines); the average discrepancy is less than 5 %. 
  





Fig. 7. The collapse of vertical diffusivity (Dt,z) data as a function of (∆ULD) across the range of 
canopy density (indicated in the legend). The dashed line represents the trend at high (∆ULD). Vertical 
bars represent the standard deviation of diffusivity estimates from the 3 to 8 replications in each run. In 
some cases, this variation is smaller than the marker size. 
  





Fig. 8. The importance of shear-layer-driven mixing at high KC, as indicated by the collapse of 
diffusivity data when plotted against (∆ULD) for KC > 18. Canopy density is indicated in the legend. 
The slope of the line of best-fit (0.082) provides the scaling factor α1. 
  





Fig. 9. The importance of wake-driven mixing in oscillatory canopy flows. When KC < 5, the 
diffusivity behaves as predicted by a steady flow model of wake-driven mixing (Equation (16)) across 
a range of canopy density (indicated in th  legend). The slope of the line of best-fit (1.1) provides the 
scaling factor α2. 
  






Fig. 10. Mixing in oscillatory canopy flows as a combination of shear-layer- and wake-driven mixing 
processes. The triangle markers represent diffusivity data in the intermediate regime (5 < KC < 18), 
with circles representing the limiting regimes of shear-layer- and wake-dominance (KC > 18 and KC < 
5, respectively). There is a strong linear relationship between diffusivity and the sum of shear-layer-
driven (Equation (15)) and wake-driven (Equation (17)) formulations over the entire range of canopy 
density and KC values examined here. The slope of the line of best-fit (0.53) provides the scaling factor 
β in Equation (18). 
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Fig. 11. The ratio of in-canopy (Dt,z)c to above-canopy diffusivity (Dt,z)∞ as a function of KC. This ratio 
always exceeds 1 for KC < 5, indicative of the impact of wakes on the rate of vertical mixing. This 
ratio decreases with KC such that (Dt,z)c / (Dt,z)∞ ≈ 1 for KC > 18. 
  






Fig. 12. Comparison of observed vertical turbulent diffusivities in steady (data from runs A, C, D, E, F, 
G, H and I, Ghisalberti and Nepf 2005) and wave-dominated flows (present study) with the same 
above-canopy RMS velocity and identical canopies. Mixing in wave-dominated flows occurs at less 
than half the rate of that in the corresponding steady flow over the same canopy.  
  






Fig. 13. The variation of the characteristic canopy residence time (Tres) with wave height (H) and 
canopy density (λP). There is a simple decrease of residence time with increasing wave height. The 
variation with canopy density is more complex; the residence time depends heavily on canopy density 
(λP) only if the canopy is sparse. In general, there is a trend of increasing residence time with canopy 
density for typical values of λP. 
  






Fig. 14. The decrease of residence time with increasing wave period (T). This decrease is sharper in 
sparser canopies, as can be seen by contrasting the dashed (λP = 1 %) and solid (λP = 5 %) lines. 
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